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We report on a search for ultra-low-mass axion-like dark matter by analysing the ratio of the
spin-precession frequencies of stored ultracold neutrons and 199Hg atoms for an axion-induced
oscillating electric dipole moment of the neutron and an axion-wind spin-precession effect. No
signal consistent with dark matter is observed for the axion mass range 10−24 eV ≤ ma ≤
10−17 eV. Our null result sets the first laboratory constraints on the coupling of axion dark
matter to gluons, which improve on astrophysical limits by up to 3 orders of magnitude, and
also improves on previous laboratory constraints on the axion coupling to nucleons by up to
a factor of 40. The results were initially presented in Phys. Rev. X 7, 0410341, of which this
proceeding is largely a summary.
1 Introduction
Astrophysical and cosmological observations indicate that 26% of the total energy density and
84% of the total matter content of the Universe is dark matter (DM)2, the identity and properties
of which still remain a mystery. One of the leading candidates for cold DM is the axion.
It is reasonable to expect that axions interact non-gravitationally with standard-model par-
ticles. Direct searches for axions have thus far focused mainly on their coupling to the photon
(see the review 3 and references therein). Recently, however, it has been proposed to search for
the interactions of the coherently oscillating axion DM field with gluons and fermions, which can
induce oscillating electric dipole moments (EDMs) of nucleons 4 and atoms 5,6,7, and anomalous
spin-precession effects 5,8. The frequency of these oscillating effects is dictated by the axion
mass, and more importantly, these effects scale linearly in a small interaction constant 4,5,6,7,8,
whereas in previous axion searches, the sought effects scaled quadratically or quartically in the
interaction constant 3.
In the present work, we focus on the axion-gluon and axion-nucleon couplings
Lint = CG
fa
g2
32pi2
aGbµνG˜
bµν − CN
2fa
∂µa N¯γ
µγ5N , (1)
where G and G˜ are the gluonic field tensor and its dual, b = 1, 2, ..., 8 is the color index, g2/4pi
is the color coupling constant, N and N¯ = N †γ0 are the nucleon field and its Dirac adjoint, fa
is the axion decay constant, and CG and CN are model-dependent dimensionless parameters.
The axion-gluon coupling in (1) induces the following oscillating EDM of the neutron via a
chirally-enhanced 1-loop process 9,10
dn(t) ≈ +2.4× 10−16 CGa0
fa
cos(mat) e · cm . (2)
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The amplitude of the axion DM field, a0, is fixed by the relation ρa ≈ m2aa20/2. In the present
work, we assume that axions saturate the local cold DM energy density ρlocalDM ≈ 0.4 GeV/cm3
11. The derivative coupling of an oscillating galactic axion DM field, a = a0 cos(mat − pa · r),
with spin-polarized nucleons in (1) induces time-dependent energy shifts according to
Hint(t) =
CNa0
2fa
sin(mat) σN · pa . (3)
The term σN · pa adds a dependence on the relative direction of the motion of the axion field
and the spin quantization axis, causing additionally a daily modulation in precession frequency
as the earth rotates, which we do not consider in this analysis.
Here, we report on a search for an axion-induced oscillating EDM of the neutron (nEDM)
based on an analysis of the ratio of the spin-precession frequencies of stored ultracold neutrons
and 199Hg atoms, which is a system that had previously also been used as a sensitive probe of
new non-EDM physics 12,13,14. We divided our analysis into two parts. We first analyzed the
Sussex–RAL–ILL nEDM experiment data 15, covering oscillation periods longer than days (long
time–base). Then we extended the analysis to the data of the PSI nEDM experiment 16, which
allowed us to probe oscillation periods down to minutes (short time–base). Our analysis places
the first laboratory constraints on the axion-gluon coupling. We also report on a search for an
axion-wind spin-precession effect, using the data of the PSI nEDM experiment. Our analysis
places the first laboratory constraints on the axion-nucleon coupling from the consideration of
an effect that is linear in the interaction constant.
2 Long time-base analysis
The Sussex–RAL–ILL room temperature nEDM experiment ran from 1998 to 2002 at the PF2
beamline at the Institut Laue-Langevin (ILL) in Grenoble, France. This experiment set the
current world-best limit on the permanent time-independent neutron EDM, published in 2006
17. The data were subsequently reanalyzed to give a revised limit in 2015 18. The technical
details of the apparatus are described in full in 15, but we summarize the main experimental
details here for the reader.
The experiment was based on Ramsey interferometry 19 of ultracold neutrons. The neutrons
were stored in parallel or antiparallel electric and magnetic fields, where their Larmor precession
frequency is given by
hνn = 2 |µnB ± dnE| , (4)
with the sign depending on the field configuration. E and B are the magnitudes of the electric
and magnetic fields, respectively. By measuring the frequency difference between the two field
configurations, a value for the neutron EDM, dn, was inferred. The measurement was conducted
in a series of cycles, each approximately 5 minutes long. A cycle began with a filling of neutrons
polarized along the fields into the precession chamber from the ultracold neutron source 20, and
yields a single estimate of the neutron precession frequency. We name a series of consecutive
cycles taken over typically 1-2 days in an identical magnetic field configuration, but the direction
of the electric field periodically reversed, a run.
In order to suppress cycle–to–cycle changes in the magnetic field, the analysis was performed
on the ratio of the neutron and mercury precession frequencies R, which, using (4), is 15
R ≡ νn
νHg
=
µn
µHg
±
(
dn − µn
µHg
dHg
)
2E
hνHg
+ ∆ , (5)
where the signs correspond to parallel and antiparallel field configurations. ∆ encapsulates all
higher-order terms and systematic effects, which are corrected for when a run is analyzed 18.
In the case of the long time–base analysis, we considered the time series of dn measurements
from individual runs.
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Figure 1 – The periodogram of the array of neu-
tron EDM (dn) estimates from the ILL measure-
ment (black line). The mean of Monte Carlo
(MC)-generated periodograms, assuming no sig-
nal is present, is depicted in green. MC is used
to deliver false–alarm thresholds (global p-values),
marked in orange for 1, 2, , 5σ levels (from bottom
to top). The highest peak has the global p-value
0.53, consistent with a non-detection. Reprinted
figure with permission from 1. Copyright 2017 by
the American Physical Society.
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Figure 2 – The 95% C.L. limits on the amplitude
of oscillation in the quantity dn − (µn/µHg) dHg,
as a function of frequency thereof. The limits from
the long (ILL data) and short (PSI data) time–base
analyses are depicted by the red and blue curves, re-
spectively, with the area above these curves being
excluded. The raw limits delivered by the analy-
sis, with substantial noise, are depicted by the light
lines, while the smoothed versions are given in bold.
From 1.
As an estimator of the power spectrum of the data, we used the Least Squares Spectral
Analysis (LSSA) periodogram 21,22, where the amplitude at frequency f was estimated by the
amplitude of the best fit oscillation of that frequency. We evaluated the periodogram at a set
of 1334 trial frequencies, evenly spaced between 100 pHz (arbitrarily chosen, a period of about
300 years, much longer than the four–year span of the data set) and 10µHz (a period of about
a day, the time it typically took to get one dn estimate).
To obtain the expected distribution of the periodogram, we performed Monte Carlo (MC)
simulations. At each frequency, we estimated the cumulative distribution function (CDF) of the
LSSA power. Extreme events in the tails of the distribution are expensive to access directly
with MC. For this reason, to the discrete CDF estimates we fitted, at each ith frequency, the
functional form of the LSSA-power CDF 21
Fi(P) = 1−Ai exp(−Bi P) , (6)
where P is the power, while Ai and Bi are fit parameters. The local p-values are given by
plocal,i = 1− Fi(Pi) , (7)
where Pi is the LSSA power of the measured dn time series at the ith frequency. If the local p-
values at different trial frequencies were uncorrelated, the global p-value would be given by 23
pglobal = 1− (1− plocal)N , (8)
where N is the number of trial frequencies. However, we did not need to make this assumption.
Instead, we made use of the set of MC datasets. In each, we found the minimal local p-value
and estimated its CDF, assuming it has the form (8), but left N as a free parameter. We found
the best fit value Neffective = 1026. For each frequency, we marked the power necessary to reach
the global p-values corresponding to 1, 2, , 5σ levels as orange lines in Fig. 1. The minimal local
p-value of the dataset translates to the global p-value of 0.53, consistent with a non-detection.
In order to obtain limits on the oscillation amplitude parameter, we again used MC simula-
tions. We discretized the space of possible signals, spanned by their frequency and amplitude.
We chose a sparser set of 200 frequencies, as we did not expect highly coherent effects in the
sensitivity of detection. For each discrete point, we generated a set of 200 MC datasets contain-
ing the respective, perfectly coherent signal and assumed that the oscillation is averaged over
the duration of the run.
For each fake dataset, we evaluated the LSSA amplitude only at the frequency of the signal
and compared its distribution (extrapolating with the functional form of Eq. (6)) with the best-fit
amplitude in the data and defined the p-value to be left–sided. We found the 95% confidence-
level exclusion limit as the 0.05 isocontour of the CLs statistic
24. The limit is shown as the red
curve in Fig. 2. We are most sensitive to periods shorter than the timespan of the dataset (∼ 4
years), but rapidly lose sensitivity for periods shorter than the temporal spacing between data
points (∼ 2 days), since the expected signal would essentially average to zero over these short
time scales.
3 Short time-base analysis
In 2009, the Sussex–RAL–ILL apparatus was moved to the new ultracold neutron source at
the Paul Scherrer Institute (PSI), Villigen, Switzerland 25, where a number of improvements
were made 16,26,27. In 2015, the apparatus was fully commissioned and began to take high-
sensitivity EDM data. The whole data set, taken from August 2015 until the end of 2016, with
a higher accumulated sensitivity than the ILL one, was considered in this analysis. For the PSI
experiment’s data, we performed a lower–level oscillation search on the array of R measurements.
Since an R estimate was obtained every cycle (≈ 300 s), rather than every 1–2 days as for a dn
estimate, it has an increased sensitivity to higher frequencies. Additionally, the analysis could
benefit from the addition of 16 atomic cesium vapor magnetometers 28, located directly above
and below the precession chamber (inside the electrodes).
The dominant time-dependent systematic effect, encapsulated in ∆ of Eq. (5), would have
given rise to non-statistical temporal fluctuations if not accounted for. Namely, R is sensitive to
drifts in the vertical gradients of the magnetic field. While the thermal mercury atoms filled the
chamber homogeneously, the center of mass of the ultracold neutron population was lower by
several millimeters 29,30,18. To compensate gradient drifts on a cycle-to-cycle basis, the vertical
gradient was measured by fitting a second order parametrization of the magnetic field to the
measurements of the cesium magnetometers. However, the absolute calibration of these sensors
was insufficient to allow corrections of the deliberate, large changes between runs.
To account for this, when performing the LSSA fit, we allowed the free offset to be different
in each run
A sin(2pift) +B cos(2pift) +
∑
i
Ci Πi(t) , (9)
where Ci is the free offset in the i
th run and Πi(t) is a gate function equal to one in the i
th
run and zero elsewhere. This caused the short time–base analysis to lose sensitivity for periods
longer than one run. It should also be mentioned that, at the time of this analysis, the PSI data
were still blinded, whereby an unknown, but constant, dn was injected into them. It does not
influence this analysis, as the free offsets are not considered further.
We split the R time array into three sets: a control set of data without an applied electric
field, and two sets sensitive to an oscillating EDM, namely with parallel and antiparallel applied
electric and magnetic fields. A coherent oscillating EDM signal would have an opposite phase
in the latter two sets, and be absent in the control set. We did not perform a common fit.
Instead, the two sensitive data sets were treated separately in the LSSA fits, and later combined
to a limit. Otherwise, the LSSA treatment was the same as in the long time–base analysis. We
picked a set of 156 198 trial frequencies, spaced apart at intervals determined by the spectral
resolution (the inverse of 506 days = 23 nHz), which here also defines the signal width. While
we observed several peaks significant at the 3σ level (up to 6σ), these did not have the correct
characteristics in the three datasets to be consistent with the signal expected for axion DM.
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Figure 3 – Limits on the interactions of an axion with the gluons (left) and nucleons (right), as defined in Eq. (1),
assuming that axions saturate the local cold DM content. The regions above the thick blue and red lines correspond
to the regions of parameters excluded by the present work at the 95% confidence level (C.L.). The colored regions
represent constraints from Big Bang nucleosynthesis (red, 95% C.L.)32,33,34, supernova energy-loss bounds (green,
order of magnitude) 8,35,36, consistency with observations of galaxies (orange) 37,38,39,40, and laboratory searches
for new spin-dependent forces (yellow, 95% C.L.) 41. We also show the projected reach of the proposed CASPEr
experiment (dotted black line) 31, and the parameter space for the canonical QCD axion (purple band). From 1.
We delivered a limit on the oscillation amplitude similarly to the long time–base analysis,
with the exception that we required the product of the two sensitive sets’ CLs statistics to be
0.05. The limit is shown as the blue curve in Fig. 2. Following Eq. (2), we can interpret the
limit on the oscillating neutron EDM as limits on the axion–gluon coupling in Eq. (1). We
present these limits in Fig. 3, assuming that axions saturate the local cold DM energy density
ρlocalDM ≈ 0.4 GeV/cm3 11.
4 Axion-wind effect
We also perform a search for the axion-wind effect, Eq. (3), by partitioning the entire PSI dataset
into two sets with opposite magnetic-field orientations (irrespective of the electric field) and then
analyzing the ratio R = νn/νHg similarly to our oscillating EDM analysis above. The axion-wind
signal would have an opposite phase in the two subsets. We find two overlapping 3σ excesses
in the two subsets (at 3.42969µHz and 3.32568 mHz), neither of which have a phase relation
consistent with an axion-wind signal. Following Eq. (3), we derive limits on the axion-nucleon
coupling in Eq. (1). We present these limits in Fig. 3, assuming that axions saturate the local cold
DM energy density. Our peak sensitivity is fa/CN ≈ 4×105 GeV for 10−19 eV . ma . 10−17 eV.
5 Conclusions
In summary, we have performed a search for a time-oscillating neutron EDM in order to probe
the interaction of axion-like dark matter with gluons. We have also performed a search for an
axion-wind spin-precession effect in order to probe the interaction of axion-like dark matter with
nucleons. So far, no significant oscillations have been detected, allowing us to place limits on
the strengths of such interactions. Our limits improve upon existing astrophysical limits on the
axion-gluon coupling by up to 3 orders of magnitude and also improve upon existing laboratory
limits on the axion-nucleon coupling by up to a factor of 40. Furthermore, we constrain a region
of axion masses that is complementary to proposed “on-resonance” experiments in ferroelectrics
31. Future EDM measurements will allow us to probe even feebler oscillations and for longer
periods of oscillation that correspond to smaller axion masses.
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